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HIV, Retroviruses and Viral Diploidy
As with all retroviruses, the human immunodeficiency virus 
(HIV) carries two copies of genomic RNA in each viral particle. 
As such, it can be considered as diploid, a feature that strongly 
potentiates the mechanism of recombination. The HIV genome 
is constituted by two positive sense, single stranded RNA mol-
ecules non-covalently linked near their 5' end. Associated to 
the nucleocapsid protein (NC) and to viral enzymes, they are 
“protected” within the viral capsid, a conical structure formed 
by the p24 protein. The capsid is itself surrounded by a protein 
layer (the matrix, p17) and finally by the viral membrane, a lipid 
bilayer decorated with the products of the env gene, gp120 an 
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recombination is an evolutionary mechanism intrinsic to the 
evolution of many rNA viruses. in retroviruses and notably 
in the case of Hiv, recombination is so frequent that it can 
be considered as part of its mode of replication. This process 
not only plays a central role in shaping Hiv genetic diversity 
worldwide, but has also been involved in immune escape 
and development of resistance to antiviral treatments. 
recombination does not create new mutations in the existing 
genetic repertoire of the virus, but creates new combinations 
of pre-existing polymorphisms. The simultaneous insertion of 
multiple substitutions in a single replication cycle leaves little 
room for the progressive coevolution of regions of proteins, 
rNA or, more in general, genomes, to accommodate these 
drastic sequence changes. Therefore, recombination, while 
allowing the virus to rapidly explore larger sequence space 
than the slow accumulation of point mutations, also runs the 
risk of generating non functional viruses. recombination is the 
consequence of a switch in the template used during reverse 
transcription and is promoted by the presence of structured 
regions in the genomic rNA template. in this review, we discuss 
new observations suggesting that the distribution of rNA 
structures along the Hiv genome may enhance recombination 
rates in regions where the resultant progeny is less likely to 
be impaired, and could therefore maximize the evolutionary 
value of this source of genetic diversity.
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gp41, which mediate viral entry into the cell. During infection, 
upon the release of the viral core in the cytoplasm, the viral 
polymerase, the reverse transcriptase (RT), converts the single 
stranded RNA genome into double stranded DNA, the provirus, 
which is then translocated to the nucleus and integrated in the 
host genome by the viral integrase.
For the conversion of the genomic RNA into a double 
stranded DNA, first, the RT synthesizes a single stranded DNA 
(minus strand) using the genomic RNA as a template. This latter 
is progressively degraded, once copied, by the RNAse H activity 
encoded by the RT. This feature is essential to ensure that during 
first DNA strand synthesis, the nascent DNA is transferred from 
the repeated sequence R, located at 5' end of the genome, to the 
homologous region located at the 3' end, to complete synthesis. 
The minus strand DNA then serves as template for the synthesis 
of the complementary positive strand.
Evidence has been provided that a single genomic RNA copy 
can be sufficient to ensure the entire process of reverse transcrip-
tion in the spleen necrosis virus.1 However, reverse transcription 
shifts from one RNA strand to the other with a high frequency 
during minus strand DNA synthesis and one could consider 
that, at least in HIV, both genomic RNA copies are used, alter-
natively, as templates. Indeed, the frequency of copy choice in 
HIV-1, between highly similar template RNAs, is estimated at 
3 x 10-4 to 1.4 x 10-3 events per nucleotide,2-5 which extrapolates 
to approximately 3 to 12 template switch per genome replication. 
As discussed below, if the two RNA strands do not have identi-
cal sequences, the process results in the generation of a recombi-
nant provirus.6,7 Importantly, the formation of virions containing 
two different genomic RNAs (i.e., heterozygous virions) requires 
the fulfilment of certain prerequisites: first, two or more viruses 
with different genotypes must infect the same cell and, second, 
genomic RNAs of different origin must co-package.
Coinfection of a cell can be due to either the transmission of 
more than one virus before the immune response has settled or to 
superinfection.8-10 However, the fact that the Nef and Vpu pro-
teins downmodulate the expression of CD4 and co-receptors dur-
ing HIV-1 infection has long suggested that superinfections are 
extremely rare events. Nevertheless, in situ-hybridization of cells 
from patients revealed that single cells could contain as many as 
4 proviruses or more11,12 and, even if recent data provide a lower 
evaluation for circulating blood cells,13 the high recombination 
rates estimates for HIV-1 further suggest that coinfection occurs 
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The error rate of the RT is approximately 3.4 x 10-5 mutations per 
nucleotide per replication cycle;26 considering that roughly 1010 
viral particles are produced in an individual each day,27 millions 
of HIV-1 variants are generated everyday in infected patients. 
However, if HIV displayed a limited tolerance to genetic change, 
the majority of the variants generated by the error prone RT and 
fast replication cycle would be transient and unobserved. For 
these reasons, an intrinsic genetic flexibility is likely to contribute 
to the genetic variability observed in HIV.
Additionally, frequent recombination can further increase 
genetic variability by reshuffling, in a single infectious cycle, 
genetic polymorphisms that previously appeared in distinct 
viruses. Therefore, genetic predisposition to tolerate recombina-
tion is also an extremely important feature that allows a virus so 
prone to recombine, to limit the potential negative consequences 
of such frequent recombination. Recombination is equally 
thought to facilitate the combination of advantageous mutations 
and the removal of deleterious ones from the viral populations. 
In this manner, recombination contributes to HIV’s dynamic 
evasion of the immune response and its continual evolution of 
drug resistance.28-31
HIV-1 Distribution Worldwide
Two types of HIV have been identified to date: HIV-1 and 
HIV-2, both of which derive from cross-species infections. 
Specifically, the primate reservoir of HIV-2 has been identified 
as Simian Immunodeficiency Virus of sooty mangabey (SIVsm), 
while HIV-1 originated from chimpanzee SIV (SIVcpz; Pan 
troglodytes troglodytes).32 Three independent transmission events 
have generated the three major HIV-1 groups: M (main), O 
(Outlier) and N (Non-M Non-O); in 2009 a new HIV-1 group, 
closely related to SIV of Gorillas (SIVgor), was identified in 
Cameroonian women and is now called group P.33 Group M 
is responsible for the majority of infections worldwide and can 
be divided into 9 subtypes (A–D to F–K), within which it is 
possible to identify phylogenetic subtypes, that comprise viral 
isolates more closely related to each other than to isolates from 
other subtypes.34 For example, subtypes A and F are divided 
into subsubtypes A1-A2-A3-A4 and F1-F2 respectively.35,36 The 
degree of genetic variation within a subtype is 15–20% and 
among subtypes is 25–35%. There is a specific geographic dis-
tribution pattern for HIV-1 subtypes worldwide,37 which may 
reflect population migrations combined with founder effects or 
more prevalent routes of transmission.
While classification of HIV-1 was originally based on sequences 
of subgenomic regions or individual genes, recent improvements 
in sequencing methods have made it possible to classify HIV-1 
based on full-length genomes or on sequences from multiple 
subgenomic regions. This has allowed identifying isolates with 
distinctive parts of their genomes corresponding to different 
subtypes: these isolates are clearly the products of recombination 
between parental strains belonging to different subtypes. When a 
given recombinant form is identified in 3 or more individuals with 
no direct epidemiological linkage, it is classified as Circulating 
Recombinant Form (CRF). At present, 48 different CRF are 
at some substantial frequency in vivo. The cell-to-cell mode of 
transmission is also emerging as an important mechanism that 
may increase the frequency of single-cell coinfection and, conse-
quently, recombination.14-17
The production of heterozygous virions via the copackag-
ing of different genomic RNAs requires the packaging RNA 
sequences to be compatible. The integrated provirus (produced 
from reverse transcription of the genomic RNA) is transcribed 
by the host DNA-dependent RNA polymerase into messenger 
and genomic RNAs. While the spliced mRNAs will be translated 
into viral proteins, the genomic RNAs will dimerize and be pack-
aged into the budding virion to constitute its genome. The linked 
processes of dimerization and packaging result from interactions 
between the NC portion of the Gag precursor and the Dimer 
Linkage Structure (DLS/PSI), a sequence of 300 base-pairs (bp) 
located at the 5'UTR of the HIV-1 genome. This region folds 
into a highly ordered secondary structure consisting of 6 hairpins 
(or stem-loops); the SL1 hairpin, which contains two internal 
bulges and an apical loop of 9 bps, with a 6 bp palindrome, is 
widely accepted as the Dimerization Initiation Site (DIS). The 
palindromic sequences contained in the DIS allow one RNA 
to base pair via “kissing” interactions with a second RNA; this 
intermolecular base pairing is then extended through structural 
transition to form the encapsidated dimer.18-20 As packaging and 
dimerization are coupled, the formation of heterozygous virions 
depends on the ability of genomic RNAs to form heterodimers. 
The sequence responsible for beginning the dimerization process 
has therefore been regarded as a crucial determinant for recombi-
nation. In support of this view, it has been reported that genomic 
RNAs from HIV-1 strains with the same DIS are co-packaged 
more efficiently than strains with discordant DIS sequences.21,22 
However, data from epidemic and cell culture studies indicate 
that the presence of compatible DIS sequences is not manda-
tory for recombination to occur, and that heterodimers do form 
between genomic RNAs containing incompatible DIS, albeit 
most likely at a lower efficiency.23-25 This requisite seems there-
fore important for allowing the frequent occurrence of recombi-
nation, but does not constitute an absolute condition for genetic 
exchange between two HIV variants to occur.
Genetic Flexibility
If perpetual change in genomic sequence is synonymous with 
adaptability to environmental changes, HIV certainly provides a 
remarkable example of this phenomenon. HIV genetic flexibility 
was first observed by sequencing viruses isolated from patients 
and, later, studied through the biochemical characterization of 
the mechanisms of viral replication by the RT. More recently, the 
impact of this variability on the generation and selection of viral 
variants has been addressed more extensively, both in cell culture 
studies and through the characterization of intra-patient fluctua-
tions of the viral sub-populations.
The high genetic variability of HIV is due to several param-
eters. The error-prone nature of the viral replication machinery 
coupled with the short viral replication times are the two factors 
most accountable for the rapid generation of new genetic variants. 
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recombination.54 The role of sequence identity has been further 
underscored when recombination studies where shifted from non-
viral model sequences to natural sequences. By crossing increas-
ingly divergent HIV isolates in cell culture, the local degree of 
identity between the templates was shown to be crucial in the 
region located immediately upstream, in the sense of reverse tran-
scription, with respect to the breakpoint position.55-57 Statistical 
analysis of 162 individual breakpoints generated in the env gene 
in the absence of selection underlined the presence of an identity 
threshold below which the probability of template switching dra-
matically drops.55
Mechanisms of Retroviral Recombination: 
Implications of the Template RNA
In addition to the crucial role of sequence identity, the mecha-
nism of recombination has been shown to be influenced by sev-
eral parameters such as the kinetics of reverse transcription or the 
secondary structure of the RNA templates. Early studies identi-
fied the stalling of reverse transcription at specific positions during 
synthesis of the first DNA strand as particularly relevant for the 
occurrence of recombination.47 Several factors can induce pausing 
during reverse transcription, as the secondary and, possibly, the 
ternary structure of the template RNA. Specific factors, such as the 
presence of a guanosine quartet in Gag, can also enhance the local 
rate of recombination through stalling of the RT.58 A correlation 
between a reduction of the kinetic of DNA synthesis and increased 
template switching has also been deduced from the observation 
that nucleoside analogues-resistant HIV RT that display a decrease 
in binding affinity for dNTPs, and thereby are expected to have 
a slower kinetic of reverse transcription, display an increased fre-
quency of template switching in vivo.47,59 Other mutants affecting 
the kinetic of reverse transcription could therefore affect in differ-
ent ways the recombination rates.60 Mechanistically, stalling was 
deemed important to induce a more extensive degradation of the 
donor RNA by the RNase H.61
Subsequent studies have identified RNA structures of template 
strands of being of particular importance. For instance, the role 
of RNA structures in recombination has been suggested from the 
modulation of template switching by RNA chaperons, like the 
viral NC protein.62 Indeed, in reconstituted in vitro reactions, 
template switching did not occur in the same positions in the 
absence or in the presence of the NC protein, suggesting that the 
NC modulates the secondary structure of the template RNA.63 
Later, RNA structures have been shown directly to be involved 
in favouring template switching in different ways. For example, 
they have been shown to induce stalling of DNA synthesis.64 
However, template switching was not found to be associated with 
the position at which DNA synthesis paused. According to the 
proposed model, the role of this RNA structure-induced stalling 
is to favour strand invasion by the acceptor RNA, by providing 
more time for the acceptor RNA to invade the nascent DNA-
donor RNA heteroduplex.64-66
Finally, recombination hot sites have been observed to co-
localize frequently with the presence of structured regions on 
the genomic RNA, independently from the pausing pattern of 
referenced in the Los Alamos Sequence Database (http://www.
hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.html) and, 
when combined, they are responsible for at least 20% of global 
epidemics HIV, being the locally predominant form in several 
regions, such as Southeast Asia (CRF01-AE),38-40 and West and 
West Central Africa (CRF02-AG).41,42
Notably, the distribution of subtypes and recombinant forms 
in HIV-1 epidemic is highly dynamic: contemporary HIV-1 
epidemic are mixtures of recombinants that originated early in 
the global epidemic and others that are of more recent origin, all 
of which contribute to the creation of more complex recombi-
nant forms that will contribute to the future dynamics of global 
HIV-1 populations.
Recombination in Retroviruses
It is now widely accepted that, in the vast majority of the cases, 
recombination occurs during synthesis of the first DNA strand, 
when the genomic RNA serves as template.3,43-45 The molecu-
lar process leading to recombination is a transfer of the nascent 
DNA strand from one genomic RNA (defined as the donor) onto 
the other strand (therefore called the acceptor). In retroviruses, 
a peculiar feature of first strand DNA synthesis is required for 
recombination to be frequent: the degradation by the RNAse H 
of the template once it has been copied. This creates an extended 
region of complementarity between the nascent DNA and the 
second copy of genomic RNA packaged in the capsid, allowing 
the annealing of these two nucleic acid moieties. This process is 
crucial for guiding the transfer of DNA synthesis from the donor 
RNA onto the acceptor template.46 The importance of the deg-
radation of the template RNA for template switching is also sup-
ported by the observation that RTs depleted of RNase H activity 
are almost unable to carry out strand transfer in both in vitro 
reconstituted reactions and in cell culture.46-48 Reverse transcrip-
tases posses two types of RNase H activity, one coupled to DNA 
synthesis and one independent from it and both can contribute to 
increase strand transfer by degradation of the template RNA once 
copied. In particular, the molar excess of RT present in the viral 
particle with respect to the genomic RNA, provides a reservoir of 
enzyme that can contribute to donor RNA degradation through 
the polymerase-independent RNaseH activity. Nevertheless, in 
vivo and in vitro studies showed that the polymerase-indepen-
dent cleavage of the RNA strand only mildly stimulates strand 
transfer, as the propagation and terminus transfer steps of the 
process only depend from the polymerase-dependent RNaseH 
activity.49,50
Sequence matching between the nascent DNA and the accep-
tor RNA is therefore extremely important for recombination 
to occur efficiently. Supporting this view, when the frequency 
of recombination between templates with varying degrees of 
sequence identity was investigated using retroviral vectors, 
a correlation between the level of similarity between the tem-
plates and the frequency of recombination was observed.51-53 The 
extreme case where recombination was studied using templates 
with no relevant identity indicated that non-homologous recom-
bination is hundreds of times less frequent than homologous 
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mechanistic enhancement of the strand transfer process, RNA 
secondary structure may also form hot spots of recombination 
for crossing strains with low global identity: highly structured 
regions may act as ‘hinges’ for the modular assembly of different 
parts of the genome. A clear case in favour of this view comes from 
the crossing of divergent isolates from different HIV-1 groups 
(group M and O) in cell culture experiments, where recombina-
tion was strongly oriented towards more conserved regions of the 
Rev Responsive Element (RRE).77
What is true when comparing individual crosses between iso-
lates with varying overall levels of sequence identity, is also true 
when considering crosses between two isolates and comparing 
regions of the genome where the level of sequence identity var-
ies locally. In this regard, the peculiar organization of the HIV 
env gene made it an ideal model to study. Using a tissue culture 
system in the absence of selection on recombinants, two types 
of observations have been made. First, regions of high diversity 
such as the variable loops of gp120 contained far less breakpoints 
than those encoding the conserved regions of the protein.55,77 
Second, strong disparities were observed for comparable degree 
of sequence identity in conserved regions, indicating that, among 
these portions of the gene, parameters other than the level of 
sequence identity modulated recombination.78 The determination 
of a model of secondary structure for the HIV genome79 allowed 
to push further this analysis and to directly link enhanced recom-
bination rates to higher secondary structure organization. It was 
indeed shown that regions of the genomic RNA with a high pro-
portion of residues involved in the formation of secondary struc-
tures contained significantly more breakpoints.78 The extent of 
RNA structures along HIV genome seems to provide us with a 
relatively accurate picture of the pattern of recombinant genomes 
generated by the mechanism of recombination. However, only a 
fraction of the recombinant HIV genomes produced will be able 
to expand in the infected organism and have the opportunity 
to become epidemiologically relevant. There is where selection 
comes into play.
Selection of Recombinants
Expectedly, recombination occurs where the most favourable 
mechanistic conditions are encountered along the genome, and 
this occurs irrespective of the consequences on the functionality 
of the resulting recombinant product. Proteins and RNA func-
tional elements need to fold into specific conformations to be 
functional; however, concatenated structural components from 
different genetic origins might not be able to fold into optimally 
functional structures. Depending on the position in the genome 
where recombination occurs, different functional elements will 
be involved, each with its own specific tolerance for preserving 
its functionality in case of recombination. The localization of 
RNA structures that, as discussed above, also constitute recom-
bination hot regions, is therefore important for selection on the 
recombinant forms they can generate. Selection may come into 
play at two major levels: the functionality of the recombinant 
RNA element itself and the functionality of the recombinant 
proteins generated.
reverse transcription.63 In tissue culture studies of a well charac-
terized recombination hot spot, it was observed that copy choice 
occurred mostly in the descending portion of the stem of the 
hairpin that characterized that hot spot.2,57,67 Template switching 
was proposed to be favoured by the presence of a double stranded 
portion at the corresponding position in the acceptor RNA, 
which would allow strand exchange between donor and accep-
tor RNA following a mechanism of branch migration, similar 
to recombination involving double stranded DNA. Interestingly, 
destabilizing the RNA structure of the acceptor template led to a 
three- to four-fold drop in the frequency of recombination, while 
no effect was observed upon destabilization of the donor RNA, 
thus demonstrating that the kinetics of DNA synthesis, ongoing 
on the donor RNA and template switching may be uncoupled.67
It is important to remember, however, that the findings 
reviewed above come from studies of specific cases, and that the 
ability of these models to explain the natural process of recombi-
nation that is ongoing in HIV infections in human hosts remains 
an open question.
When RNA Templates for Recombination Become 
HIV Genomic RNAs
In nature, recombination occurs between viruses with differ-
ent degrees of genetic divergence. HIV undoubtedly presents a 
high degree of recombination between viral quasispecies evolv-
ing within each infected individual68-75 (also, De Crignis and 
Graziosi, personal communication). However, the most visible 
effect of recombination involves the crossing of divergent strains 
of the AIDS pandemics and highlights the ability of this process 
for creating phylogenetic shortcuts. Under these different situ-
ations (recombination between low diversity vs. high diversity 
strains), the various parameters driving recombination might 
have different weights.
For the crossing of closely related parental RNA genomes, 
which is the most frequent situation for viruses evolving in an 
infected individual, the homogeneous local degree of sequence 
identity along the genome allows strand transfer to occur with 
nearly similar chances all along the molecule. Under these condi-
tions, the parameters that have been shown to be important for 
recombination in purely mechanistic studies using highly similar 
templates, such as pause sites and RNA structures, may be pre-
dominant. Although, presently, no characterization of the molec-
ular determinants of intrasubtype breakpoint location has been 
carried out, a recent cell culture study of intrasubtype B recombi-
nants, has shown a non-homogeneous distribution of recombina-
tion breakpoints in the pol-coding region,76 which suggests that 
determinants of local fluctuations in recombination rates most 
likely exist also for intrasubtype recombinants.
As the genetic distance between the two parental strains 
increases, the presence of secondary structure elements in spe-
cific regions of the genome might play a dual role with regard to 
recombination. Since these motifs are generally conserved, they 
form islands of local higher degree of sequence identity, where 
strand transfer is much more likely to occur than in the rest of 
the genome, relatively more divergent. Combined with their 
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Furthermore, when the products of recombinant env genes gen-
erated in absence of selection were tested in functionality assays, 
the general trend was of decreased functionality with respect to 
the parental strains, thus underlining the importance of con-
straints imposed on the functionality of the recombinant forms 
of this gene despite its legendary genetic variability.77
The fate of the recombinant viral progeny appears also 
strongly conditioned by the position of the breakpoint. Indeed, 
studies on non-viral proteins (SCHEMA directed evolution of 
β-Lactamases),84 showed that the position of the breakpoint 
in the gene strongly affects the recombinant functionality. 
Importantly, breakpoints close to the boundaries of autono-
mously folding protein domains were shown to present a lower 
risk of disturbing structural interactions required for the proper 
folding and function of the recombinant proteins. Recent obser-
vations suggest a role of the pattern of RNA structures in HIV 
genome in regard to the selection on recombinant proteins. The 
publication of the architecture of the whole genome of the NL4.3 
strain of HIV79 has indeed led to the identification of numerous 
new RNA structures. Intriguingly, the distribution of structured 
RNA elements appears to be correlated with the arrangement of 
the genes along the genome, as well as by the structural organiza-
tion of the individual proteins.78 Specifically, stable RNA second-
ary structures were found at the junctions between most HIV-1 
proteins domains and it has been suggested that these structures 
could modulate ribosome processivity and, consequently, facili-
tate the folding of individual protein domains. A striking “side 
effect” of the specific distribution of RNA secondary structures 
close to gene or protein domain borders observed by Watts and 
co-workers would be to enhance strand transfer rates specifically 
in regions where recombination is less likely to generate genomes 
encoding dysfunctional proteins.78
Recombination, Viral Evolution and RNA Structures
In HIV, the high rate of single residue substitutions occurring 
during each replication, coupled with the fast viral turnover, cre-
ates very favourable conditions for maximizing the potentials of 
recombination as a means to spread multiple genetic polymor-
phisms across the viral population.
The efficiency at which functional diversity is generated by 
this process, evolved to be highly effective for the peculiar viral 
replication strategy, is however difficult to evaluate quantita-
tively. In that regard, the characterization of recombinant forms 
generated in single cycle experiment provides a unique insight 
into the role of recombination in accessing distant regions of the 
functional sequence space. This evolutionary process is in fact-
much more conservative than the introduction of random muta-
tions.83 Indeed, as recombination joins patterns of amino acids 
substitutions already proved to be compatible in their respective 
parental structures, these mutations are less likely to be incom-
patible in the new backbone than randomly introduced muta-
tions. Consequently, when sequences encoding divergent but 
related proteins recombine, large distances may be travelled in 
sequence space relative to random mutation without disturbing 
fuction and/or structure. 
RNA Structures as Recombination Signposts: 
Selection on the RNA Element
Structured regions of the genome are means for viruses to con-
vey functional information. For example, hairpins containing the 
signals for packaging of the genomic RNA have been well-char-
acterized in the 5' end of the genome, as well as two other struc-
tures crucial for viral gene expression: the trans-active responsive 
element (TAR) and RRE. TAR is the sequence recognized for 
transactivation of transcription by the viral protein Tat while 
RRE is essential for exporting non-spliced and partially-spliced 
RNAs from the nucleus to the cytoplasm. These RNA structures 
are sites of frequent recombination,77,80 with the consequence that 
these elements may be constituted of two sequences of different 
phylogenetic origins in the recombinant progeny. Misfolded or 
destabilized RNA structures might not be able to fulfil their 
roles, might these be regulation of the translational machinery, 
interaction with proteins that regulate the viral cycle, or others.81 
Furthermore, both TAR and RRE interact with proteins encoded 
by a different part of the genome from the ones where they are 
located, and any recombination breakpoint occurring between 
the regions constituting the RNA element (TAR or RRE) and 
those encoding the protein that binds this element (Tat or Rev, 
respectively) might present the risk of perturbing coevolved inter-
actions. However, these functional RNA elements appear very 
conserved, even for distantly related strains. Associated to the 
structural tolerance of RNA structures, this conservation could 
be strong enough to significantly limit the likelihood of recombi-
nation generating defective structural elements. This hypothesis 
is supported by the results obtained from experimental assays in 
which the functionality of not only intersubtype recombinants 
but also intergroup M/O recombinant RRE was tested. Indeed, 
all recombinant RRE that were tested displayed levels of func-
tionality comparable to the parental sequences.77 The frequent 
induction of recombination in other portions of the structured 
genomic RNA have been highlighted with the example of the 
DIS sequence,82 but no functional characterization of the result-
ing recombinants is currently available to address the issue of the 
functional tolerance of these RNA structure to recombination.
RNA Structures as Recombination Signposts: 
Selection on Proteins
Concerning selection at the protein level, simulations on model 
proteins suggest that mutation-tolerant proteins are also recom-
bination-tolerant.83 While the high diversity observed for HIV 
could lead one to think that viral proteins could be extremely 
tolerant to recombination, experimental studies indicate that 
this is not necessarily the case, in particular for intersubtypes 
crossings. Notably, directed evolution experiments on non-viral 
proteins have shown a negative correlation between recombina-
tion tolerance and parental sequence divergence.83 When intra 
and intersubtypes recombinant pol genes were generated in single 
cycle assay, both populations showed complex patterns of break-
points.76 However, only the intersubtype recombinant population 
showed a strong decrease of diversity in multiple-cycle assays. 
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well adapted to tolerate recombination between both closely and 
distantly related strains.
RNA secondary structures may play a similar role with regard 
to recombination in other viruses that store genetic information 
in RNA genomes. Studies of patterns of recombination and RNA 
structure may provide further insights into parameters governing 
the dynamic of evolution of RNA virus genomes.
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At the scale of the genome, for distantly related strains of HIV, 
the particular disposition of RNA structures close to gene and 
domain borders appears to mechanistically favour the exchange 
of proteins blocks, further limiting the risk of generating non 
functional products. It is of particular interest to note that the 
extreme case of such genetic compartmentalization is observed 
in segmented viral genomes, where the genetic reassortment 
proceeds through the redistribution of various portions of the 
genome encoded by physically distinct molecules. While mech-
anistically limiting the potential sequence space explored, this 
RNA-mediated orientation of recombination is likely to actually 
enhance the evolutionary value of this process for poorly related 
viruses. In this manner, HIV genomes appear in fact to be very 
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